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Reuse of water treatment residuals from lime 
softening, Part I: Applications for the reuse of lime 
sludge from water softening
J. (Hans) van Leeuwen, David J. White, Rob J. Baker and Christopher Jones
Abstract
Lime sludge, an inert material mostly composed of calcium carbonate, is the result of softening hard
water before distribution as drinking water. A large city such as Des Moines, Iowa, produces about
32 000 tons of lime sludge (dry-weight basis) annually. This is about half of the lime sludge produced
in Iowa per year in eight different cities, and these cities currently have 371 800 tons (dry-weight
basis) stockpiled. The Iowa Department of Natural Resources directed those cities using lime soften-
ing in drinking-water treatment to stop digging new lagoons to dispose of lime sludge. The situation
in surrounding Midwestern states is similar, and there will be millions of tons of lime sludge in stock-
piles. Five Iowa water-treatment plants, all producers of lime sludge, funded the research. The
research goal was to find useful and economical alternatives for the disposal of lime sludge. Feasi-
bility studies tested the efficacy of using lime sludge in cement production, power-plant SOx control,
dust control on gravel roads, wastewater neutralization, and infill materials for road construction. All
the potential applications were demonstrated to be at least feasible, except for dust control. Fill
material from admixture with fly ash showed the most promise as a bulk, if variable, demand applica-
tion.
Key words: cement, dust control, lime sludge, neutralization, power plant, SOx control, stockpiling, 
water treatment residuals
INTRODUCTION
Lime softening is the most common method used at
water-treatment plants in the United States to soften
hard water. If the hardness in water is the primary con-
stituent of concern for treatment, then there is no alter-
native that is more cost effective. Other methods for
softening include reverse osmosis, ion exchange, nano-
filtration, and electrodialysis (AWWA 1999). The rea-
gent for lime softening is purchased as unslaked lime
(CaO), which is slaked with water to produce a solution
of calcium hydroxide (Ca(OH)2). This solution is dosed
to the raw water to precipitate calcium and some mag-
nesium ions. The softening process produces a residual:
lime sludge (mostly CaCO3). From the beginning, since
their treatment plants were built, the five Iowa cities
that co-funded this research have used lagoons to dis-
pose of the lime sludge they produce. New lagoons
were excavated and filled as the need arose. This prac-
tice continued for decades, until recently, when the
Iowa Department of Natural Resources (DNR) directed
that no more new lagoons are to be built. These plants
are therefore unable to increase their current level of
storage for lime sludge.
Lime sludge could be disposed of in municipal solid
waste (MSW) landfills. However, it is safe to assume
that MSW landfills would not accept stockpiled lime
sludge, unless it was dried, because landfills need to
minimize the amount of leachate they generate. Fur-
thermore, if lime sludge were sent to a MSW landfill,
the water-treatment plant disposing of the sludge would
need to pay for the costs of drying, loading and trans-
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porting the sludge, plus tipping fees. It makes more
sense to find alternative uses for lime sludge, in which
the consumer pays for the material. Part of solving this
problem is processing the lime sludge to meet the con-
sumer’s specifications.
STATUS OF LIME SLUDGE PRODUCTION
Table 1 shows the annual lime sludge production and
existing stockpiles for some cities in Iowa that
responded to a March 2005 survey. It also summarizes
how the sludge is processed before it is dry enough to
be used for the applications discussed in this paper. The
water-treatment plants of Des Moines and West Des
Moines use a filter press to dewater the sludge from a
solids concentration of about 3% to a concentration of
50%. The disposal cost for the City of Des Moines is
about $600,000 a year paid to a contractor, Kelderman
Lime (Jones et al. 2005). The contractor retrieves the
dewatered sludge and transports it to another site for
further drying in a rotary kiln heated by natural gas.
This contractor also transports the sludge produced in
West Des Moines and Newton to this site for process-
ing. The processed sludge product is sold as agricul-
tural lime to a developing market of farmers. Since the
material is sold to a consumer, the value of the product
makes it possible to lower the overall disposal cost.
The next most common sludge dewatering method
is use of lagoons to settle the lime sludge and decant the
water. The lime sludge from the water-treatment clari-
fiers is transferred by pipe to a dewatering lagoon, e.g.
at the plant in the city of Ames. This plant has four
operational lagoons, and of the four, three are set up for
dewatering. The three dewatering lagoons are capable
of decanting the water on top of the sludge (superna-
tant) to an adjacent wetland area. The fourth lagoon is a
storage lagoon and is not configured to decant. Figures
1, 2, and 3 show the dewatering lagoons in use at the
Ames water treatment plant.
When one dewatering lagoon is filled with sludge,
the sludge output is discharged into the next available
dewatering lagoon. According to the Biosolids Man-
agement Group (BMG), the contractor that processes
the sludge from the Ames water-treatment plant, the
sludge is retained in the lagoon for an average ten
months before it is excavated with a backhoe. Once the
sludge is excavated from the dewatering lagoon, it can
be dried in the sun during the summer in a week or two:
the lime sludge is spread in windrows over a concrete
pad and turned over as needed until it is dry. This win-
drow method takes about one week during the warm
weather months (see Figure 4), but the length of the
drying period depends on air temperature, sun expo-
sure, and humidity.
The storage lagoon has roughly three times the sur-
face area of one decanting lagoon. It was designed for
final disposal before the current Iowa Department of
Natural Resources’ policy of prohibiting construction
of new lime-sludge lagoons was implemented. Work-
ers from BMG occasionally empty this lagoon, when
they are not working on the decanting lagoons. The
fourth lagoon, according to observations over the last
year and a half, does not appear to dewater much at all.
The only mechanisms available for the storage lagoon
to dewater lime sludge are evaporation of water to the
air above the lagoon and infiltration of water into the
soil beneath the lagoon, and neither mechanism
appears to dewater the sludge significantly.
Table 1. Annual lime sludge production and existing stockpiles for selected Iowa cities
City (in Iowa) Population Dewatering 
method 
Drying method Dry weight 
produced (tons/y)
Dry weight 
stockpiled (tons)
Des Moines 400 000 Filter press Kiln, air dry 30 700 166 000
Cedar Rapids 128 000 Centrifuge, lagoon Air dry 16 000 10 500 
West Des Moines 52 000 Filter press Kiln, air dry 3600 500 
Ames 50 000 Lagoon Air dry 5170 79 000 
Newton 21 000 Lagoon Kiln, air dry 3500 86 000 
Boone 17 000 Lagoon Air dry 3300 14 700 
Indianola 13 000 Lagoon Air dry 600 6000 
Pella 9900 Lagoon Air dry 1600 9100
Totals 690 900 64 470 371 800
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According to Scott Adair (2005) at Kelderman
Lime, even though Kelderman sells more lime sludge
for agricultural purposes each year, they still have more
than 100 000 tons (dry-weight basis) stockpiled and
waiting for use. Drying and selling lime sludge for agri-
cultural lime is a desirable solution to the disposal
problem, since the money made by the sale offsets the
disposal cost paid by the water-treatment plant: if the
lime sludge were not sold as a product, no value for the
material could be recovered. However, since not all of
the lime sludge being produced by the cities funding
this research is being sold as agricultural lime, there is a
need to find additional uses for lime sludge that result
in revenue upon disposal.
THE GOAL, RESEARCH OBJECTIVES AND 
BENEFITS
The goal
The goal of this research was to identify alternative
uses for water-softening lime sludge that would ulti-
mately reduce disposal costs.
Objectives
1. Evaluate the use of lime sludge as a replacement
for limestone in the dry-scrubbing process to treat
SOx compounds in flue gases of coal-burning
power plants.
2. Evaluate the use of lime sludge as a replacement
for limestone in cement production.
3. Evaluate the use of lime sludge to neutralize acidic
wastewater in food processing.
4. Evaluate the use of lime sludge for dust control on
gravel roads.
5. Evaluate the engineering properties of lime sludge
chemically stabilized with Class C fly ash or Port-
land cement for the application of structural fill
material.
Benefits
The practice of lime softening in Iowa is not going to be
replaced by another treatment process unless the alter-
native is less expensive and just as effective, so it is a
safe assumption that lime will continue to be used for
water softening in the future. The five water-treatment
plants that co-funded this research hoped to identify
alternative uses for lime sludge that would ultimately
reduce or eliminate disposal costs. If successful, reduc-
tion or elimination of disposal costs will produce a
Figure 1. Dewatering lagoon while filling
Figure 2. Dewatering lagoon after three months’ storage
Figure 3. Dewatering lagoon after ten months’ settling
Figure 4. Solar drying of sludge in windrows
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‘win’ for drinking-water customers, who currently bear
the cost of sludge disposal. If new uses of lime sludge
help the next consumer (i.e. a power plant, road con-
struction company, food processing plant, etc.) to save
money, a second ‘win’ is accomplished by an Iowa
business. A third ‘win’ may be realized when the man-
ufacturer that saved money by using lime sludge passes
some of the savings on to the end-user of the product.
Therefore, developing practical and cost-effective
solutions for using lime sludge can help both the people
and the businesses of Iowa.
BACKGROUND AND LITERATURE REVIEW
This review provides a summary of previous research,
including the scope, major findings, and background
information for the specific applications discussed
herein. This section is organized into three parts. First,
the characteristics of lime sludge when it is precipitated
at the water-treatment plant will be discussed. Second,
the results of studies done on the engineering properties
of dried lime sludge will be presented. These properties
are similar to those used to describe the engineering
behavior of soil. Last, studies that describe potential
applications for lime sludge use will be summarized.
Characteristics of lime sludge in the liquid form
Composition of lime sludge
To soften water, unslaked lime (CaO) is used. Before it
is added to the raw water, the lime is hydrated with a
small amount of water to form calcium hydroxide
(Ca(OH)(aq)). This provides the hydroxyl ions needed
to raise the pH to about 10 or 11, depending on dosage.
The ion that contributes the most to hardness is cal-
cium. The reactions for removing hardness due to cal-
cium are (Langelier 1936):
Ca(OH)2 + Ca2+ + 2HCO3– → 2CaCO3(s) + 2H2O
Magnesium can be removed by the following reac-
tion, but substantially only at pH values above 11:
2Ca(OH)2 + Mg2+ + 2HCO3– → Mg(OH)2 + 
2CaCO3(s) + 2H2O
Once the solids are precipitated, a settling process is
used to separate the solids from the softened water. The
solids are withdrawn from the settling process in a
solid/liquid slurry called sludge. As with the lime
sludge produced in Ames and Des Moines, Iowa, it is
common for lime sludge to mostly consist of calcium
carbonate (AWWA 1999). Table 2 shows some com-
mon constituents found in municipal lime sludge from
other cities in the United States. If present in the raw
water being treated, other metals can precipitate and
end up in the sludge. Figure 5 shows a few common
metals that are precipitated by calcium hydroxide.
Interaction of solids and water in lime sludge
Lime sludge is a mixture of water and precipitated sol-
ids. To understand the dewatering principle, a few sim-
Figure 5. The solubilities of different metal hydroxides as a function of pH (Blais et al. 2008)
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ple concepts of how the water interacts with the solids
will be helpful. Vesilind (1979) classified water and
wastewater sludge in the categories as below:
1. Free water is not bound to solid particles and can
be separated by gravitational forces.
2. Due to the shape of the floc formed, floc water
becomes trapped between the floc particles as in
the case of alum flocs. Since floc water is not
attracted to the flocs, it is removed by simple
mechanical forces.
3. Capillary water is water held by solid particles due
to surface tension and is removed by compaction
of the flocs.
4. Bound water is a part of the solid in that it is
chemically bound to the particle, as in the case of
aluminum hydroxides. It is only removed by
sludge aging or with high heat.
Cornwell et al. (1987) further expanded on this theory
as below:
1. Free water can be removed by drainage or
low-pressure mechanical methods.
2. Hydrogen-bound water is attracted to the floc par-
ticles through hydrogen bonding. The attraction
force is in the order of 0.13 kcal/mol.
3. Chemically bound water is bound to the floc in
solution, with strong chemical bonds.
According to Vesilind’s definitions, free water and
floc water are similar because they both require about
the same amount of energy input to remove the water
from the sludge. Comparison of the definitions of
Vesilind and Cornwell shows that Cornwell’s defini-
tion combines Vesilind’s definitions for free water and
floc water into one definition (free water) by making a
slight change in the free-water definition. Furthermore,
the definitions of capillary water and hydrogen-bound
water are similar relative to the amount of energy
required to remove the water, as are bound water and
chemically bound water.
There are two definitions frequently used in this
paper to quantify how much water is present in the
sludge. One is solids concentration (SC), and the other
is moisture content (w). The relationship between the
two is as follows:
SC = 1 / (1 + w)
Moisture content is defined differently depending
on the discipline using it. In this paper and in geotech-
nical engineering, the definition of moisture content is
the weight of water divided by the weight of solids for a
given sample. This term is mostly used when describ-
ing the results of using lime sludge in fill materials.
Solids concentration, which is commonly used by
water-treatment-plant operators to describe the extent
to which sludge is dewatered, is defined as the weight
of the solids in the sample, divided by the total weight
of the sample.
Dewatering lime sludge
A property used by environmental engineers to quan-
tify how difficult it is to dewater sludge is specific
resistance. The specific resistance test is to apply a vac-
uum to the bottom of a Buchner funnel apparatus: the
funnel is lined with filter paper and filled with sludge
(as precipitated, not dewatered); the vacuum is applied
and water drawn through the sludge; and the filtrate
volume is recorded as a function of time. These data
produce a value for the resistance offered by the solids
cake to fluid flow per unit weight of dry solids. Gener-
ally, a high value for specific resistance means that it is
difficult to dewater the sludge. Sludges with low values
dewater more easily than those with higher values.
Table 2. Composition of dry solids from water softening (modified from O’Conner and Novak 1978)
Constituent
Note: these values are a percentage by weight.
Boulder City, Nevada Miami, Florida Cincinnati, Ohio 
Silica, iron, and aluminum oxides 2.6 1.5 4.4 
Magnesium oxide 7.0 2.8 2.3 
Calcium carbonate 87.2 93.0 88.1 
Other 3.2 2.7 5.2 
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Vandermeyden et al. (1997) tested nine samples of
lime sludge for specific resistance, and the mean value
was 5 × 10–12 m/kg. The same source reported that for
38 samples of alum sludge, the mean value was 1.58 ×
10–13 m/kg.
Specific resistance is a function of the sludge parti-
cle’s shape, its specific surface area, its density, and the
porosity of the sludge cake formed during dewatering
(Cornwell et al. 1987). In order to approximate the size
and shape of the sludge particle, Knocke and Wakeland
(1983) in microscope studies of particles, noted the
somewhat elliptical but irregular shape, and tried to
approximate the shape of a sludge particle as an ellip-
soid with major and minor axes. Since the specific
resistance is a function of particle size and shape, this
approximation was useful. The article presented evi-
dence that supported the plausibility of assuming the
solids to be elliptical for the purposes of estimation. It
then demonstrated that major axis length was related to
specific resistance. Sludge flocs with an elliptical
major axis length of 30 µm correlated to the specific
resistances the authors reported for lime sludge.
Settled-solids concentration refers to how dense the
solids in sludge will get under the influence of gravity
(settling). Sludge that has mostly free water will have
high settled-solids concentrations, and sludge with
high percentages of chemically bound and hydro-
gen-bound water will have low settled-solids concen-
trations. Generally, as the magnesium concentration in
the sludge increases, the settled-solids concentration
decreases (Cornwell et al. 1987). This makes the
sludge harder to settle, because metal hydroxides con-
tribute to higher amounts of hydrogen-bound water.
Furthermore, metals such as iron and aluminum form
complexes with water and tie up even more water mol-
ecules through bonding. This is why alum and iron
sludges have low settled-solids concentrations and
high specific resistance values.
Water-treatment plants employ different processes,
units or devices to thicken and dewater lime sludge,
and details of how these devices work and how to
design them can be found in Cornwell et al. (1987).
Here, it is useful to know their limitations. Some
lime-sludge-reuse applications require the sludge to be
very dry (a moisture content of 2% or less). Table 3
shows a range of solids concentrations and the corre-
sponding moisture contents obtainable with the dewa-
tering technologies employed at water-treatment
plants. Therefore if the sludge needs to be drier to meet
the criteria of the reuse application, further drying and
processing will be required. This processing will add to
the capital and operating costs of a given application.
Engineering properties of dried sludge (solids)
Not all lime sludges have similar properties. The dis-
solved ions in the raw water affect properties like spe-
cific gravity and particle-size distribution. Three
studies were selected to demonstrate differences in the
engineering properties of water-treatment sludges. A
summary of the results that are of interest to this inves-
tigation are shown in Table 4. Particle-size distribu-
tions were found to be either silt-sized or clay-sized
material in all sludges. The specific gravity ranged
from 1.9 to 3.43. No reasons were given for the wide
range in specific gravity, but the raw waters that pro-
duced each sludge were different. For example, the
water treated in the study by Maher et al. (1993) had
high levels of zinc. The lime sludge in this study came
from a groundwater-remediation project, and the fol-
lowing elements and concentrations were present in the
groundwater: zinc (125–150 ppm); aluminum (20–25
ppm); sulfate (225 ppm); and calcium (15–25 ppm).
Wang et al. (1992) performed tests on three different
sludges. Two were alum coagulant sludges that resulted
from treating two raw waters with different levels of
color and turbidity. The third sludge resulted from an
iron coagulant.
The sludges studied by Wang et al. (1992) and
Maher et al. (1993) had high values for the liquid limit,
plastic limit, and plasticity index. Limits such as these
are common in expansive soils. Raghu et al. (1987)
attempted these tests on the sludge they studied but
Table 3. Efficacy of dewatering devices (modified from 
Cornwell et al. 1987)
Lime sludge
(solids 
concentration, %)
Lime sludge
(moisture 
content, %)
Gravity thickening 15 to 30 85 to 70 
Scroll centrifuge 55 to 65 45 to 35 
Belt filter press 10 to 15 90 to 85 
Vacuum filter 45 to 65 55 to 35 
Pressure filter 55 to 70 45 to 30 
Sand drying beds 50 50
Storage lagoons 50 to 60 50 to 40 
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were not able to report any values: in the liquid limit
test, they could not find a moisture content that closed
the gap in over 15 blows; in the plastic limit test, they
were not able to roll out 1/8-inch diameter beads (for
plastic limit). It is possible that small changes in mois-
ture content resulted in large changes in the plasticity of
the material, and that this was the reason why the prop-
erties could not be determined.
The maximum unit weights shown in Table 4 were
all computed from moisture density relationships
(American Society for Testing and Materials (ASTM)
International D698) and cover a wide range of values.
Most soils yield a parabolic moisture density curve,
facing downward; it is the maximum value of dry unit
weight on the curve that is desired. For fill applications,
it is important to know the moisture content that will
result in maximum dry density when fill materials are
placed and compacted. Raghu et al. (1987) and Wang et
al. (1992) mentioned the difficulty of obtaining a maxi-
mum dry unit weight and corresponding moisture con-
tent. In essence, the curves from their studies were flat
or irregularly shaped. Two of the sludges from Wang et
al. (1992) yielded no maximum value, so only one
value was listed. Maher et al. (1993) were able to pro-
duce characteristic moisture-density curves. Possible
reasons for this success could be their using lime
sludge with a higher specific gravity and mixing it with
Class F fly ash.
The compression index, an indicator of soil com-
pressibility, friction angle, and shear strength, was
determined by Wang et al. (1992) while they were
investigating the most efficient way to emplace
water-treatment sludges in storage areas. Shear
strength was an important characteristic for this study,
since the authors wanted to know how steep the slopes
could be when emplacing and compacting sludge:
steeper slopes meant being able to store more material
for a given surface area. The sludges studied by Wang
et al. (1992) were coagulant ferric and aluminum
sludges reported to have values for liquid limits, plas-
ticity indexes, and compressibility indexes that were
within the ranges of published values for expansive
Table 4. Summary of results from three studies on dried water-treatment sludge
* Indicates no data
Notes
a. SI units were converted from standard units in the Raghu et al. (1987) and Maher et al. (1993) studies. 
b. Permeability values obtained from consolidation tests 
c. Triaxial test (ASTM D2850) was done to find effective friction angles 
d. Cone penetration test (ASTM D3441) was done for undrained shear strength 
Property Raghu et al. (1987)a Wang et al. (1992) Maher et al. (1993)a
Treatment chemicals Lime, alum, polyamine Iron, alum Lime 
Stabilizer None None Class F ash (no lime)
Metals in raw water Trace Trace Zinc, aluminum 
Classification (UCS) SM – silty sand CH – expansive clay CH – expansive clay 
Specific gravity 1.9 2.26 to 2.72 3.43
Max. dry unit weight (kN/m)c 0.8 11.3 15.2 to 16.3 
(sludge only) (sludge only) (w/fly ash in mix) 
Liquid limit (%) * 108 to 550 294 
Plastic limit (%) * 47 to 239 189 
Plasticity index (%) * 61 to 311 105 
Compression index * 1.99 to 6.69 * 
Swelling index * 0.03 to 0.17 * 
Unconfined compressive strength (kPa) * * 1160 to 1200 
Undrained shear strength (kPa) * 1.24 to 17.9 d * 
Effective friction angle (degrees) * 42 to 44 * 
Permeability (cm/s) 10 × 10–8 to 10 × 10–6 b * 1 x 10–7 to 4 × 10–7 b
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clays such as montmorillonite. Lime sludge is not
expected to be as expansive as these coagulant ferric
and aluminum sludges were, due to its low liquid limit
and plasticity index.
The friction angles found by Wang et al. (1992)
were determined using a triaxial shear test and were
relatively high. Expected ranges of friction angle for
materials classified as silts fall within the range of
26–35 degrees (Das 2002). The friction angles reported
by Wang et al. (1992) fell within the range for soils that
classify as sands with angular grains. Wang et al.
(1992) cited a friction angle of 76 degrees for
paper-mill sludge (Charlie 1977). Friction angles are
important when characterizing a material for fill
because it can be used to check a design for proper
slope stability.
Lastly, the studies by Raghu et al. (1987) and Maher
et al. (1993) reported values for permeability. How-
ever, these studies measured permeability to determine
the material’s applicability for use as a landfill liner
material. The Environmental Protection Agency’s
(EPA) regulations for MSW landfills require any mate-
rial used as a liner for MSW landfills to have a permea-
bility of 1 × 10–7 cm/s or less (EPA 2005). Both Raghu
et al. (1987) and Maher et al. (1993) used consolidation
tests to determine permeability and concluded that their
material met the standards for landfill liners. After
these papers were published, the EPA promulgated reg-
ulations requiring that permeability for liner materials
be determined using the flexible wall permeameter as
in ASTM D5084) or equivalent (EPA 2005).
Permeability is important for fill applications
because it indicates how well the fill will drain or resist
the flow of water. The terms ‘permeability’ and
‘hydraulic conductivity’ will be used interchangeably
in this paper, as they refer to the same characteristic for
the purposes of fill materials in road construction.
An interesting characteristic of lime sludge, pointed
out by both Raghu et al. (1987) and Maher et al.
(1993), is its ability to adsorb toxic substances – espe-
cially metals. There were no heavy metals or toxic
organics in the sludge tested by Raghu et al. (1987), but
since the researchers were investigating the feasibility
of using this sludge as a landfill lining, its resistance to
acidic leachates containing toxic materials was tested.
It did not leach any heavy metals or toxic organic com-
pounds that were known to be in the leachate: the
sludge was able to fixate these substances of concern.
In addition, a pinhole dispersion test was performed on
sludge compacted 90% of maximum modified proctor,
and it was found to be non-dispersive.
Maher et al. (1993) did the third study that investi-
gated the engineering properties of lime sludge and
Class F fly ash. This is the only study that combined
these two materials. The lime sludge used in this study
was different from the lime sludge produced in Ames
or Des Moines, Iowa: it was produced by using lime to
treat contaminated groundwater. The fly ash was classi-
fied as Class F, which is different from the Class C fly
ash produced in Iowa. The major difference between
the two is the amount of calcium oxide they contain.
The composition of Class C fly ash will be presented in
the materials section of Part II. For the Maher et al.
(1993) study, the lime sludge was mixed with the fly
ash in a range of mix ratios. The mix ratios were 2:1,
2.5:1 and 3:1, based on the ratio of the weight of dry fly
ash to the weight of wet lime sludge.
Leachate with known amounts of dissolved metal
ions was passed through the consolidated specimens
from the permeability tests in the Maher et al. (1993)
study; the permeate (liquid that passed through the
sludge/fly ash specimen) was then tested for metals,
but no significant concentrations of metals were found.
It was concluded that the specimen had effectively fix-
ated the metals, since it was known that the leachate
and lime-sludge/fly-ash mix contained significant con-
centrations of undesired ions.
A significant finding from the study was that, based
on permeability results and leach test results, these
mixtures could be used as a landfill liner or cap mate-
rial. Maher et al. (1993) also found that the material
was a good, engineered fill. Unconfined compressive
strength tests on the mixtures yielded values ranging
from 1160 to 1200 kPa. According to Ferguson and
Levorson (1999), if 50 psi (about 345 kPa) compres-
sive strength can be achieved, then the potential for set-
tlement in deep fills is significantly reduced.
Potential uses for lime sludge
Lime sludge has the same main ingredient in it as
mined limestone–calcium carbonate (CaCO3). A use-
ful approach to finding uses for lime sludge was to con-
sider the current uses for mined limestone. One of the
major producers of limestone in the United States is
Martin Marietta Materials. According to their website
(http://www.martinmarietta.com), mined and proc-
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essed materials are used mostly for civil-engineering
projects such as road construction. Carmeuse, head-
quartered in Belgium, is an international lime supplier.
The Carmeuse website (http://www.carmeuse.be) lists
the following possible uses for limestone: material for
road construction; road foundations; buildings; dykes;
cement and ceramics production; flue-gas treatment;
production of iron, glass, and steel; metallurgical and
mining operations; the chemical industry; and the
paper industry.
Unslaked lime or quicklime (CaO) is formed by
heating limestone (CaCO3) in a kiln. The water-treat-
ment-plant managers from the cities that funded this
study asked if lime sludge could be heated in a kiln to
make lime. This was a good question, since authors like
Cornwell have suggested this as a potential application
for lime sludge (Cornwell et al. 1987). However, some
sources consider this an uneconomic effort, due to
sludge impurities, high fuel costs, high capital costs
and a reduction in kiln efficiency (Watt and Angelbeck
1977). There is always a potential for this use, but
research in this area would not be useful, since no tests
are needed to prove that lime (CaO) can be produced.
Running kiln tests would only show the efficiency of a
given kiln and a given lime sludge.
Using lime sludge for SOx removal in coal combustion 
flue gas
Ground limestone is used in some coal-fired
power-generation facilities to prevent the release of
sulfur gases (SOx) through the flue. The SOx gases
include sulfur dioxide (SO2), sulfur trioxide (SO3),
their acids, and the salts of their acids; the EPA man-
dates reductions of these gases through the Clean Air
Act (EPA 1990). The Oslo Protocol was aimed at a
42% reduction in annual SOx emissions – compared to
those released in 1980 – by 2000, and a 51% reduction
over 1980 figures by 2010 (Pearce 2000). Davis and
Cornwell (1991) reported that the USEPA limits of SOx
in acid rain were 0.03 ppm on average per year, and a
maximum of 0.14 ppm during a 24-hour period. How-
ever, depending on how old the power plant is and how
it uses its emissions credits, the release limits for each
plant are different. The process of removing SOx is
known as the flue-gas scrubbing process, and is done as
either a wet process or a dry process. In the wet process,
a solid/liquid slurry, brought into intimate contact with
the flue gas, absorbs and reacts with the SOx gases. Cal-
cium carbonate is the primary reagent, but calcium
hydroxide is also effective. In the dry process, calcium
carbonate is fed as a fine powder aerosol that reacts
with the SOx in the flue-gas stream. It is vital that the
powder moisture content be 2% or less (Witt 2002) to
avoid blocking pneumatic dry feeding systems.
According to Shannon et al. (1997), the calcium car-
bonate reacts with sulfur oxides in the gas to form
hydrated calcium sulfite. Since hydrated calcium
sulfite is difficult to dewater, fresh air is blown through
the stream to oxidize the sulfite to sulfate during the
scrubbing. The sulfate then reacts with calcium to form
calcium sulfate. Shannon et al. (1997) also offer the
following chemical reactions:
Scrubbing with calcium carbonate:
SO2 + H2O ↔ H2SO3 (aq)
H2SO3 (aq) ↔ H+ + HSO3–
CaCO3(aq) + H+ ↔ Ca2+ + HCO3–
Ca2+ + HCO3– + HSO3– → CaSO3(aq) + CO2 + H2O
With air stream added:
HSO3– + ½ O2 → SO42– + H+
SO42– + Ca2+ + 2H2O → CaSO4 ⋅ 2H2O(s)
The resulting solid is gypsum, which could poten-
tially be used in building materials like drywall.
A complete study using lime sludge rather than
ground limestone in a wet scrubbing process was com-
pleted in Kansas (Shannon et al. 1997). The following
is a summary of their findings:
1. Researchers found that the lime-sludge slurry was
more reactive and soluble than the limestone slurry
normally used.
2. SO2 removal was more effective when using lime
sludge than when using ground limestone.
3. The power-plant-feeding mechanisms would need
to be rebuilt to feed lime sludge rather than lime-
stone.
4. One utility surveyed purchased limestone from a
quarry 120 miles away because it was the only
source of limestone with the quality needed to
operate efficiently in its scrubber. The cost of the
limestone was $4 a ton, but the transportation costs
doubled that amount.
5. The Lawrence Energy Center (a power plant used
to test the lime sludge) showed that $60,000/year
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could be saved in materials cost, due to savings
from reduced reagent demand.
Furthermore, not only was the amount of lime
sludge required to treat the flue gases smaller than the
amount of limestone required to treat the same amount
of gases, but also the cost of using limestone was
$10.71/ton, while the cost of using lime sludge was
$10.69/ton.
Using lime sludge in fill materials and for road 
construction
Maher et al. (1993) showed that when stabilized with
fly ash, the properties of lime sludge as a fill material
could be significantly improved, but this sludge was
unusual with respect to the lime sludge resulting from
drinking-water treatment, because of its high specific
gravity (3.43). Watt and Angelbeck (1977), in a study
of the effects of adding a very small amount of sludge
(about 1 to 3%) to a road sub-base aggregate, found
that addition of 0.5 to 1.0% sludge produced maximum
improvement to the seven-day cure and freeze/thaw
unconfined compressive strengths. They further found
that incorporation of up to 2% sludge did not signifi-
cantly affect freeze/thaw durability.
Watt and Angelbeck (1977) worked with a sludge
that came from treating Lake Erie surface water with
alum for coagulation and lime for softening. The lime
sludge composition was about 75% CaCO3, and other
metals present in the sludge were aluminum and mag-
nesium. Although the classification of fly ash used was
not indicated, lime (CaO) was added to their mixtures,
so it is likely that it was Class F ash. Class F ashes are
more common in the eastern United States because of
their sources of coal, and the Class F ashes usually
require additional lime to realize the same stabilization
effects as Class C fly-ash. The mix design was 86%
aggregate, 11% fly ash, 3% lime, and 0 to 3% sludge
solids. Watt and Angelbeck concluded that more
research is needed on the effects of incorporating
sludge solids in materials for road construction. They
used the lime sludge in a sub-base layer for road con-
struction – an application that requires a higher grade
of material than is needed in fill applications, since it
lies directly below the base course and pavement layer
of a road. However, even with the higher quality stand-
ards required for this application, use of lime sludge in
sub-base layers can still be a constructive way to
reduce lime-sludge disposal costs.
Referencing his totals tabulated in January 2005, Ed
Kasper, in the Office of Contracts of the Iowa Depart-
ment of Transportation, helped define the amount of fill
material used in DOT projects. He stated that the DOT
projects used over 3 million cu. yd. (2.3 million m3) of
Class 10 Roadway and Borrow in 2004. He said the bid
unit cost of excavation, transport, placement, and com-
paction of fill ranged from $0.82 to $30.00/cu. yd., and
the average bid unit cost was $2.52/cu. yd. He stated
that the wide range of unit costs was likely to be due to
transportation costs, but sometimes excavation can be
difficult, and therefore expensive, and, at other times,
access to job sites may be difficult.
Many projects require Class 10 fill material to be
transported from another site, so it was useful to look at
these, since there will be transportation costs associated
with any fill material used, regardless of source. An
example is the replacement of the 63rd Street bridge
over Interstate 235 in Des Moines, Iowa. To meet the
design specifications for the new bridge and maintain
the correct height above the roadway below it, it was
necessary to elevate 63rd Street to the road elevation of
the new bridge. Existing residential areas surround and
are adjacent to the bridge construction site; in fact, the
yards of residents were required to maneuver heavy
construction equipment around the bridge construction
site. Therefore, most of the fill needed to elevate the
roadway was transported to the site from another bor-
row area. This project is a particularly useful example
for this study because there are two water-treatment
plants that produce lime sludge within a 20-minute
drive of the site (Des Moines and West Des Moines).
In conclusion, limited information showing a poten-
tial for the use of lime sludge as a fill material and as a
reagent in SOx removal in coal-combustion flue gas has
been published, and variations in the composition and
moisture content have also been presented. The ques-
tion that remains is whether the lime sludge produced
in Iowa, containing 90% or more CaCO3, will be effec-
tive in these and other applications. How will the lime
sludge produced in Iowa react with the Class C fly ash
(instead of Class F) and Iowa soils? Can the sludge pro-
duced in Iowa be substituted for limestone in cement
production? Can the Iowa lime sludge be used to neu-
tralize acidic industrial wastewater? Can the sludge
produced in Iowa be used to control dust on unpaved
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gravel roads? These are the questions that will be
answered in this research.
Iowa State University’s Department of Civil, Con-
struction, and Environmental Engineering evaluated
some applications for the beneficial use of lime sludge.
These disposal options included use of the lime sludge
to treat SOx-containing stack gases in coal-burning
power plants; to serve as a substitute for limestone in
cement production; to stabilize the pH of acidic indus-
trial wastewater, to reduce dust generation on gravel
roads, and to serve as fill in road construction projects.
The use of stabilized lime sludge in fill materials for
road construction was chosen for a more in-depth
investigation, since it showed promising results in fea-
sibility studies and has the potential for utilizing much
of the currently stockpiled lime sludge described in the
background section (see also Table 1).
To develop alternative disposal methods, the com-
position and structure of lime sludge were compared
with those of another commonly mined material, lime-
stone. Lime sludge has the same composition as lime-
stone, but is not in rock form: it forms a fine powder
when dry. Therefore, applications that used pulverized
limestone were identified as possible candidates for the
use of lime sludge. Applying this approach, SOx
removal in coal-fired power plants and cement produc-
tion were chosen as possible alternatives. The construc-
tion-fill application and dust-control options were
chosen because they were of interest to the Iowa DOT,
a major sponsor of this research.
This part first presents a discussion of the material
used and how the presence of moisture content affects
its nature. Next, a brief description of methods used in
the feasibility tests is offered, and last, a review of the
results is presented. Results are presented and dis-
cussed in the same section. Since the information in
this part was obtained through interim reports to spon-
sors, the level of detail is not the same as in Part II, but
as many of the facts as possible are presented.
MATERIAL AND DEWATERING PROPERTIES
None of the applications discussed in this part involve
using lime sludge as a solid/liquid slurry (average sol-
ids concentration, 3%), the state in which it is with-
drawn from the clarifier. The slurry must be dewatered
and dried before it can be used in any of the applica-
tions discussed herein: drying reduces the bulk volume
and mass of the sludge before transportation, and it also
improves mechanical properties like shear and com-
pressive strength. Unfortunately, drying is also the
most expensive step required to convert the lime sludge
to a useful product (assuming transportation costs of
dried product to locations within the same greater met-
ropolitan area). Prior to the feasibility studies, some
simple drying tests were done to elucidate the physical
properties of the lime sludge in water.
It is important to understand how water exists within
the solids matrix. The water may either bond to the
lime sludge crystals or remain free from attractive
forces altogether. If it bonds, the bonding may be
Figure 6. Scanning electron micrographs of lime sludge
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through weak hydrogen bonds (attraction energy of
about 0.13 kcal) or through chemical covalent bonding.
In addition, knowledge of the crystalline structure of
the lime sludge can be helpful in designing an optimal
drying process.
Summary of imaging analysis
An optical microscope and a scanning electron micro-
scope were used to produce the images of the lime
sludge from the Ames water treatment plant shown in
Figure 6. The micrographs indicate that there is a crys-
talline structure and that water may be a part of that
crystal structure.
Drying lime sludge in a convection oven
A simple experiment with a convection oven was done
to illustrate the drying process. The oven was set at
121°C to simulate rotary kiln drying (the process used
to dry the Des Moines Water Works sludge). Six sam-
ples of Ames lime sludge that began the test at 18%
moisture content were dried over 40 minutes, and the
weights were recorded at five-minute intervals. The
results are shown in Figure 7. Since all but 2% of the
known moisture in the lime sludge was driven off at
121°C, most of the water in the sludge is free water,
which means that the energy required to remove this
moisture would be close to that required to evaporate
water.
These results are significant to the application of
SOx removal from flue gases of coal-fired power
plants, since a moisture content 2% or less is required
for pneumatic transport of the lime sludge in the feed-
ing mechanisms of dry scrubbers, according to the
management at the Iowa State University Cogeneration
Facility (Witt 2002).
Thermogravimetric analysis of lime sludge
Figures 8 and 9 show a thermogravimetric analysis of
the lime sludge from the Ames water-treatment plant.
The heating was done at a slow rate to 110°C and then
at a faster rate up to 1000°C (Figure 9).
Most of the moisture was driven off between 20 and
35°C, which may indicate that this portion is free, or
unbound, water. Then there was a small loss from 35 to
110°C, which may be due to strongly physically
adsorbed water similar to the hydrogen-bound water
described in the background section. The loss between
200 and 400°C could be the water associated with mag-
nesium hydroxide, and the loss between 650 and 800°C
is due to carbon dioxide being driven off as calcium
carbonate is decomposed.
Adsorption of moisture during cooling
The six samples that were oven dried at 121°C were
allowed to passively cool at air temperature (around
20°C) to determine the amount of moisture that the
lime sludge would adsorb from the regular laboratory
atmosphere. After one hour, the samples adsorbed
enough water vapor to increase the moisture content to
an average of 1.9%. Coincidentally, if lime sludge at
70% moisture content were spread over a plate to a
thickness of 10 cm or less, the ambient lab conditions
would eventually reduce the moisture content to about
2%. Therefore, drying beyond 2% moisture content is
not practical if any subsequent storage of the lime
sludge is required prior to use.
In summary, there is no strong bonding between
water and the solids in lime sludge, except for the last
2% of moisture. This condition places no limitation on
any reuse possibility. A practical limitation on oven
drying is that the sludge is reduced to small particles
upon drying, which makes subsequent loading and
transporting difficult, as the small particles are easily
blown away in a cloud of powder. For most applica-
tions, a moisture content range of 20% to 35% is the
most practical, and this moisture content ensures that
the material does not generate dust.
Figure 7. Drying lime sludge at 121°C: moisture percentage 
vs. time
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SUMMARY OF METHODS AND MATERIALS
Although the use of lime sludge as a fill material could
mostly be evaluated in the laboratory, the applications
using lime sludge for SOx treatment in power plants, as
a replacement for limestone in cement kilns; for neu-
tralizing industrial wastewater; and for dust control on
rural gravel roads, all required full-scale testing to con-
firm their feasibility. The full-scale feasibility tests
were done on a one-time basis, and therefore, the meth-
ods could not be further refined and repeated without
repeating the entire test. Iowa State University Cogen-
eration Facility, Lehigh Cement, and Warren Foods all
graciously allowed the use of their facilities for
lime-sludge testing. Since lime sludge used at too high
a moisture content clogged their feeding system, the
Iowa State University Cogeneration Facility suspended
Figure 8. Thermogravimetric analysis of lime sludge (20–130°C)
Figure 9. Thermogravimetric analysis of lime sludge (20–1000°C)
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any further tests, and the number of tests done at the
Lehigh Cement and Warren Foods facilities had to be
limited due to the cost of transporting the sludge to
their locations. There was no problem with refining and
repeating tests for the application of lime sludge as a
fill material for road construction.
Use of lime sludge in dry scrubbing power plants
Iowa State University operates the only power plant in
Iowa that uses a dry scrubbing process for SOx
removal, and Iowa State’s plant was selected for test-
ing. At this facility, ground limestone is fed into the
combustion fluid stream pneumatically. Due to the pos-
sibilities of compaction and adhesion resulting from
the pipework limitations of this site, the calcium car-
bonate must be in a very dry state (less than 2% mois-
ture content) or it will clog the feeding mechanism.
Lime sludge was tested for feasibility at the Iowa
State University Plant on 8 August 2002. The lime
sludge was supplied at a moisture content of 15%
instead of the 2% requested. At this moisture content,
the material was clumped into a range of 1/4-inch to 3/
8-inch diameter balls instead of forming a fine powder.
This higher moisture content clogged the feeding
mechanism and produced sporadic results.
The lime sludge was injected pneumatically through
an existing bed injection line, using a truck-mounted
blower. The lime sludge injection started at 11 am, and
the injection system worked fine for approximately one
hour and 45 minutes, at which point the line plugged at
the boiler. After the plugged line was cleared for the
first time, it continued to plug repeatedly until the test
was terminated at 2 pm. After the truck-mounted
blower was disconnected, a layer of lime sludge
remained caked on the interior surface of the pipe. It is
likely that the build-up of material on the piping was
caused by the heat of compression from the blower.
Replacing limestone with lime sludge in cement 
kilns
Limestone is one of the raw materials used in cement
production. Limited testing was conducted to see if
lime sludge would be a suitable ingredient to augment
or replace limestone in the production of cement.
Twenty tons of solar-dried lime sludge were trans-
ported from Ames, Iowa, to Lehigh Cement in Mason
City, Iowa. For a one-time test, lime sludge was used in
cement production, replacing some of the limestone
used as raw material. About 80 tons of cement contain-
ing about 15% lime sludge was produced.
Use of lime sludge for wastewater neutralization
Tests using lime sludge to bring processing wastewater
resulting from pasta production to a normal pH value
were conducted at Warren Frozen Foods, Inc., Altoona,
IA, now a subsidiary of T. Marzetti, Inc. This company
normally uses sodium hydroxide to neutralize this
wastewater, but this material is expensive and adds
unwanted salinity to the water. For testing, 2 tons of dry
lime sludge, dewatered by filter press and dried in a
rotary kiln by Kelderman Lime, were used, and dosing
was performed by hand until the water reached a neu-
tral pH.
Use of lime sludge for dust control on gravel roads
To anyone who has driven on a gravel road in Iowa, the
dust generation on these roads is obvious. Bergeson
and Brocka (1996) found that adding fines, particularly
bentonite, to change the overall grading of unsealed
road material reduced dust emissions. Dry lime sludge
is a fine material that could be applied to unpaved roads
to change the material composition towards a more
favorable grading.
With the aid of personnel from the Story County
Engineer Section, lime sludge was tried on two test sec-
tions of gravel road in Story County. The two test sites
for a one-time dust control test were Old Bloomington
Road and 220th Street in Story County, Iowa; Old
Bloomington Road is a gravel road, and 220th Street is
a crushed limestone road. On 29 May 2002, a truckload
of lime sludge was applied by a dump truck over an
approximately 100-foot stretch of road at each site. A
road grader made six passes over the 220th Street test
section and five passes over the Old Bloomington Road
test section to incorporate the lime sludge material into
the aggregate. During the grading of the Old Bloom-
ington Road test section, it started to rain. As a conse-
quence, the lime sludge on the Old Bloomington Road
test section was not as evenly spread as that on the
220th Street test section. About one month was allowed
to elapse before dust deposition rates were measured.
During that time, gravel was added to both roads after
the lime sludge was applied, but no additional gravel
was added to the test sections.
Dust deposition rates were measured with a bird-
cage dust collector. A mid-sized SUV was driven down
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the middle of the road a total of ten times at speeds
between 40 and 45 mph. Since the wind was coming
from the south during dust monitoring, the monitoring
equipment was set up on the north side of the road.
Use of lime sludge for fill material in road 
construction
The ASTM Standard Test Method for Compressive
Strength of Molded Soil-Cement Cylinders (ASTM
D1633) was used. An exception to the standard meth-
ods was the use of molded cylinders 5 cm (2 inches) in
diameter by 5 cm (2 inches) high (referred to as 2 × 2
hereafter). Figure 10 illustrates the compaction device
that produces the test cylinders for the unconfined com-
pressive strength tests. In this compaction method,
developed at Iowa State University several years ago
(O’Flaherty et al. 1963), the materials are screened
through a No. 4 sieve (4.75 mm opening) prior to com-
paction, using five blows of a 5-lb drop hammer on
each side of the specimen. This typically yields a maxi-
mum dry density similar to that of Standard Proctor
compaction. After compaction, the molded specimen is
extracted using a hydraulic jack. When a stabilizer such
as Portland cement or Class C fly ash is used, speci-
mens are protected from moisture loss and cured for the
time specified in the results section.
Since finding beneficial uses for municipal by-prod-
ucts was the motivation for this research, fly ash and
bottom ash from coal combustion at power plants were
incorporated in these tests. Fly ash and bottom ash from
the Ottumwa Generating Station in Eddyville, Iowa,
were used in the unconfined compressive strength tests.
Time of sampling and methods were not documented.
However, fly ash can only be drawn from an overhead
storage bin in bulk at this facility. A front-end loader
bucket (about 1.4 m3) is used to collect fly ash from the
storage bin, and then a supply of fly ash is taken from
the bucket. Bottom ash is taken manually from a stock-
pile large enough to drive dump trucks on.
Unconfined compressive strength test results are the
only type of laboratory tests presented in Part I. How-
ever, the other graduate students working on this
project did complete some moisture-density tests as
well. Since all of the moisture-density results were
combined and analyzed as one, they are all presented
and discussed in Part II. Descriptions of methods and
materials used will also be included.
RESULTS AND DISCUSSION
Use of lime sludge in dry-scrubbing power plants
The Iowa State Cogeneration Facility measures SO2
and NOx in its emissions control program (SO2 is the
major constituent of SOx gases). Overall, the lime
sludge material reacted well with the flue gas stream
when it was feeding properly. The sulfur dioxide levels
leaving the boiler dropped immediately after injection
began. At that point, the normal limestone feed was
stopped and the process was run using only the lime
sludge. The lime-sludge feed rate was manually con-
trolled using valves on the truck, but this method could
be greatly improved to achieve a more consistent rate.
This inconsistent feed rate may have contributed to the
erratic SO2 and NOx levels depicted in Figure 11.
According to plant personnel, SO2 levels of 120–125
ppm and NOx levels of 75–90 ppm were typical for this
plant’s emissions and within the plant’s permit (Witt
2002).
After the lime sludge feed was started, a few
changes in the normal operation of the boiler bed were
observed. A small decrease in the boiler-bed tempera-
ture of about 5°F, and an increase of about 25°F in the
temperature leaving the combustor at the inlet to the
Figure 10. Compaction apparatus (O’Flaherty et al. 1963)
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cyclone, indicated a reduction in the size of the material
in the fluidized bed and an increase in the circulation
rate of material through the boiler. In addition, a slight,
steady decrease in the boiler-bed pressure throughout
the test period indicated a greater circulation rate, a
reduction in bed material sizing, and possibly a reduc-
tion of bed inventory. Figure 12 shows a summary of
these changes.
The test consumed about 4500 lb of lime sludge at a
consumption rate of about 1850 lb/hr. This was a higher
consumption rate than that for the limestone normally
used. The lime sludge feed problems caused the opera-
tors to increase the limestone feed to maintain SO2 lev-
els. If the lime sludge had been delivered efficiently by
the feed mechanism, then a more representative feed
rate would have resulted. Wet lime sludge is not neces-
Figure 11. Pollution control test, ISU power plant, boiler emission levels
Figure 12. Boiler-bed trends when using lime sludge for SOx control
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sarily an insurmountable obstacle: power plants have
low-grade waste heat that could be used for drying lime
sludge. However, special equipment would be required
to make use of this opportunity.
The lime-sludge treatment run did not last long
enough to see if problems maintaining adequate bed
inventories would develop. If the decrease in bed pres-
sure were to continue along the observed trend, it might
present operational problems for the boiler over a
longer period. A reduction in the bed sizing can change
NOx emissions, but poor SOx control makes this obser-
vation inconclusive. Subsequent test runs could pro-
vide more diverse data and more consistent trends.
Longer testing periods are required to be able to ascer-
tain any long-term effects on the boiler. Since this type
of testing requires a significant commitment of funds
and the use of temporary equipment that was not avail-
able at the time, further testing at this facility was sus-
pended indefinitely.
Figure 13. Particle-size distribution for lime sludge
Figure 14. 220th Street particle-size distribution (wet sieved)
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There are plants in Iowa that use a wet scrubbing
process for SOx treatment. To use lime sludge in its wet
scrubbing process, the Muscatine power plant would
need some changes to its equipment, and operators of
that plant have been reluctant to make changes to their
system, since optimization of the present system was
difficult. Generally, a wet scrubber system is more
compatible with the use of lime sludge, since there is
no dryness requirement for accommodating a pneu-
matic feeding system. However, further testing of lime
sludge in SOx scrubbers at power plants cannot occur
unless power-plant managers commit to further testing.
If such testing is done, the management may discover
that using lime sludge instead of limestone can reduce
their costs, as was shown in the study done by Shannon
et al. (1997) in Kansas.
Replacing limestone with lime sludge in cement 
kilns
According to the quality control manager at Lehigh
Cement, Mr William Ulrich, the quality of the cement
manufactured with lime sludge was satisfactory. How-
ever, since the plant is located so close to its source of
limestone, and its transportation cost is minimal, the
cost of limestone at Lehigh Cement amounts to about
$1/ton. Therefore, the cost of any alternative to lime-
stone at this cement production plant must be $1/ton or
less. Under current conditions, if a water-treatment
plant wanted to send lime sludge to Lehigh Cement, the
cost of dewatering, drying, loading, and transportation
would be assumed by the water-treatment plant. Trans-
portation to cement plants is therefore not economical.
Use of lime sludge for wastewater neutralization
The results showed that using lime sludge in neutraliza-
tion was successful. The following observations were
noted:
1. Dosing the acidic wastewater at Warren Foods was
successful since it effectively adjusted the pH of
the wastewater to the desired level without
increasing salinity.
2. The process was easy to control.
3. Lime sludge served as a weighing agent on the
sludge flocs, causing them to settle better, which
could be a critical factor for this plant’s wastewater
treatment.
4. The estimated savings for Warren Foods if they
used lime sludge, rather than sodium hydroxide,
for wastewater neutralization, was $5,000/year.
5. At the time of the test, Warren Foods produced
wastewater at a rate of 140 000 gallons/day. This
is a small treatment plant, so savings could be
much more on larger treatment plants.
Use of lime sludge for dust control on gravel roads
To confirm the feasibility of this application, two
objectives had to be met:
Figure 15. Old Bloomington Road particle-size distribution (wet sieved)
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1. Lime sludge had to be shown to increase the fines
content (defined as the percentage of particles that
are 0.075 mm in diameter or smaller) of the parti-
cle size distribution of the gravel.
2. A test needed to show that less dust would be gen-
erated on a section of gravel road that had lime
sludge mixed into it than on a section that did not.
First, a particle size distribution for lime sludge was
established. The Standard Test Method for Particle Size
Analysis of Soils (ASTM D422) was used. The lime
sludge was air dried in the laboratory to a moisture con-
tent of about 2%, and then thoroughly pulverized until
the particles could not be broken down further (as spec-
ified by ASTM D422). The sample retained on the
Standard No. 10 sieve was washed (Standard Practice
for Dry Preparation of Soil Samples for Particle Size
Analysis, ASTM D421) and the wash water retained
and dried for use in fines analysis. The results are
shown in Figure 13.
Figure 14 shows that the test section for 220th Street
had a higher fines content (14%) than the control sec-
tion (7%). However, Figure 15 shows that the control
section for Old Bloomington Road had a higher fines
content (9%) than the test section (6%), so the first
objective was not realized. The dust collection results
show that the gross amount of dust collected was
greater on the test sections than on the control sections;
however, the two samples are quite similar. A simple
t-statistic was calculated for each location’s dust meas-
urements, and a null hypothesis, that there was no dif-
ference in the population means of dust amounts
collected, was tested. The t-statistic for Old Blooming-
ton Road was –0.4809, and for 220th Street it was
–0.1820. The t-statistic for alpha divided by 2 was
2.447; since the absolute value of each t-statistic for the
roads was less than the t-statistic for alpha divided by 2,
the null hypothesis was not rejected. Within a 95% con-
fidence interval, there was no statistical difference
between the population means of the two samples.
Therefore, the results do not support that second objec-
tive of reducing dust generation by applying lime
sludge to the gravel road.
Use of lime sludge for fill materials in road 
construction
Unconfined compressive strength (UCS) is one method
to judge the strength of a fill material. The benchmark
Table 5. Results for dust collection tests 
Location/type 6/24/02 
weight 
of dust 
(g)
7/4/02 
weight 
of dust 
(g)
7/24/02 
weight 
of dust 
(g)
8/7/02 
weight 
of dust 
(g)
Bloomington/control 0.1324 0.3104 0.2204 0.051
Bloomington/test 0.1503 0.4267 0.2745 0.0522
220th/control 0.1599 0.2658 0.2904 0.3459
220th/test 0.1434 0.4254 0.1756 0.3763
Figure 16. Effects of mixing cement and lime sludge with loess soil on the UCS
Stabilizer amount, % of total dry weight of solids
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used to evaluate whether the lime sludge had sufficient
UCS was 345 kPa (50 psi). This was the minimum
value recommended by Ferguson and Levorson (1999)
to significantly reduce the potential for settlement in
deep fills. Lime sludge was first added to a silty soil, as
an admixture would be, and then compared to cement
in UCS tests. The purpose of this test was to evaluate
whether or not lime sludge added strength to a known
weak soil (Western Iowa loess, a silt).
Figure 16 shows how a common additive, Portland
cement, increases the unconfined compressive strength
(UCS) of the loess soil. When lime sludge is added in a
similar manner, no strength advantages are realized.
From these tests, it was concluded that lime sludge, by
Figure 17. Effect of curing time on lime sludge and cement/fly-ash mixtures
Figure 18. Effects of curing time on mixes containing fly ash and bottom ash
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itself, does not add UCS to a soil. It is noted that lime
sludge has no binding properties like those of Portland
cement.
In general, stabilizers like Portland cement and fly
ash bond soil particles together. When the mixtures are
allowed to cure, they gain strength. The next set of tests
considered cure time as a variable in strength gain. Fig-
ure 17 shows that, for lime sludge alone, no strength
gain occurs with additional curing time. However, Fig-
ures 17 and 18 demonstrate that strength gain was asso-
ciated with cure when either Portland cement or fly ash
was present – especially in the first 28 days. In Figure
17, the specimens containing low stabilizer amounts
(10% or less) lost strength between 28 and 56 days of
cure time. The reasons for this strength loss could not
be determined, because not all of the data from these
tests were available. Figure 18 shows that the strength
achieved with bottom ash compared fairly well with
that achieved with another coarse material, concrete
sand.
CONCLUSIONS AND RECOMMENDATIONS
In all of the feasibility studies, two problems were com-
mon concerns: the cost of dewatering and the cost of
transportation. Considering the low value of the prod-
uct in most reuse applications, these costs should play a
crucial role in any further feasibility studies.
Use of lime sludge in dry-scrubbing power plants
In summary, lime sludge showed positive signs of
reducing the amount of sulfur dioxide at the Iowa State
University Cogeneration Facility. The observed
impacts on boiler-bed temperatures and bed pressures
were not as dramatic as the operators expected, but
there was concern over the long-term impact that feed
problems may have on the boiler beds. Furthermore,
the impact of lime-sludge use on NOx emissions and
consumption rate was inconclusive due to the feed
problems. These problems can be addressed with an
effective mechanism for controlling the feeding rate of
the lime sludge; by delivering the lime sludge at the
prescribed moisture content, and by conducting more
test runs over longer periods.
The full evaluation of the potential of lime sludge
for dry scrubbing would require equipment that is not
available to this particular research program. To
accomplish the evaluation, future research needs to be
able to dry 40 tons of lime sludge to about 2% moisture.
This was not possible with the time, funds, and facili-
ties available to this project and staff. This work would
directly benefit the City of Ames and the Iowa State
University Cogeneration Facility, as producer and con-
sumer of the product, but the two parties were not will-
ing to invest in a sludge drying facility at the time of
this research. If developed, the facility not only would
contribute to maintaining protection of the environ-
ment from SOx and NOx gas by-products of power gen-
eration, but also could pay for itself through a reduction
in the cost of lime sludge disposal and savings in the
purchase of calcium carbonate reagent.
Power plants generally have low-grade waste heat
available that could be used for lime sludge drying. It
would require a dryer specifically designed to dry lime
sludge, however. In the case of Ames, the lime sludge
production and the dry-scrubber reagent needs of the
Iowa State Cogeneration Facility are almost a perfect
match and the distance is only three miles.
Replacing limestone with lime sludge in cement 
kilns
The current conditions mandate that any water-treat-
ment plant that sends lime sludge to Lehigh Cement for
use in cement production must absorb most of the cost
of dewatering, drying, loading, and transportation.
These costs far exceed the cost of the other alternative
disposal options. Use of lime sludge in cement produc-
tion would only be feasible if a water-treatment plant
were closer to the cement plant than the source of sup-
ply for limestone. Such an opportunity was not known
to be available in Iowa during the duration of this
research project.
Use of lime sludge for wastewater neutralization
Further research effort with this reuse application was
stopped only because it did not fall within the scope of
this research project, which seeks to present applica-
tions that will empty stockpiles by consuming large
amounts of lime sludge. Nevertheless, lime sludge
should definitely be considered for neutralization of
acidic wastewaters wherever applicable, although the
dosing method would need to be refined. A major
advantage of this application is that dosing can handle
significant errors without detrimental effects to the
resulting effluent. Since the lime sludge buffers the
water being treated (instead of being a strong base), the
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operator can overdose the water and still not reach pH
levels that are greater than normal.
Use of lime sludge for dust control on gravel roads
The results of the dust-control experiment did not show
that incorporating lime sludge in the gravel resulted in
a reduction of dust generated. The research team brain-
stormed different methods of incorporating the lime
sludge into the gravel surface layer, considered more
testing over a longer period, and looked at using a dif-
ferent method for measuring dust generation. However,
it was decided not to continue work on this application
because the tests performed did not show enough
potential for success, and changes to the test methods
were not expected to make enough of a difference to
justify further effort and expenditure of resources.
Use of lime sludge for fill materials in road 
construction
Three significant findings resulted from the feasibility
tests for using lime sludge as a fill material for road
construction: 
1. Lime sludge is not a stabilizer; that is, it does not
add strength to a soil as cement and fly ash do.
2. While lime sludge, by itself, did not achieve the
benchmark for UCS, when it was stabilized with
cement or fly ash, significant increases in UCS
resulted and far surpassed the UCS benchmark.
3. Gains in UCS resulted after 28 days of cure time.
Between 28 and 56 days of cure time, increases in
UCS were inconsistent. In mixes with at least
17.5% (of total dry weight of solids) fly ash in
them, there were UCS gains between the 28- and
56-day cure times. In mixes containing 5% and
10% of fly ash or cement, there was not a strength
gain between the 28- and 56-day cure times.
UCS is not the only parameter of interest in evaluat-
ing the potential of a material for fill. Further testing
regarding classification, density, shear strength, dura-
bility, penetration resistance, and hydraulic conductiv-
ity were of interest following these feasibility tests.
Since the UCS results were positive and the application
has a great potential to consume all of the lime sludge
stockpiles, using lime sludge in construction fill was
chosen as the application on which to focus further
research efforts.
The utility of the lime sludge in geotechnical appli-
cations has led to the publication of Part I (van Leeu-
wen et al. 2011), Part II (White et al. 2011) and Part III
(Baker et al. 2011).
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